The global potential energy surfaces of the first six singlet electronic states of CO 2 , 1-3 1 A and 1-3 1 A" are constructed using high level ab initio calculations.
I. INTRODUCTION
This and the subsequent 1 paper (termed 'paper II') describe the results of an ab initio quantum dynamical study of the absorption spectrum and the non-adiabatic dissociation mechanisms of carbon dioxide photoexcited with the ultraviolet (UV) light between 120 nm and 160 nm. A brief account of this work has already been published. 2 Paper II gives the motivation behind the study and discusses its main result -the quantum mechanical absorption spectrum and its interpretation in terms of wave functions of metastable resonance
states. The present paper sets the stage for paper II and describes the ab initio calculations and the topography of the potential energy surfaces (PESs) involved in photodissociation.
This information, which is often stashed away in supplementary online sections, 2,3 is a central and, indeed, an indispensable ingredient of a reliable dynamics calculation. The construction of ab initio PESs and their diabatization -which, without much exaggeration, amounts to learning the topography of PESs and their intersections by heart -is often more challenging than the subsequent quantum dynamical calculation.
Photoabsorption from the ground electronic stateX 1 Σ + g of linear CO 2 at wavelengths 120 nm -160 nm is due to the first five excited singlet valence states 1 1 Σ − u , 1 1 Π g , and 1 1 ∆ u . [4] [5] [6] In the C s group notation, appropriate for bent molecule, these states are 2, 3 A and A symmetry blocks. 2, 3, 9, 10 In fact, CIs between valence states are ubiquitous and found far outside the near-linear FC region, at strongly bent geometries. 2, 3, 10 Together with local minima and saddles, these crossings are the principal features shaping the topography of the singlet valence states.
The outline of the paper is the following. Section II sketches the technical details of ab initio calculations. Next, the constructed adiabatic PESs are presented for the ground (Sect.
III A) and the excited (Sect. III B) electronic states. Their intersections are discussed for near linear (Sect. III C) and bent geometries (Sect. III D), and put into perspective by a review of a network of closely spaced valence and Rydberg states (Sect. III E).
If the solution of the Schrödinger equation for nuclei is out of reach, the description of adiabatic surfaces in Sect. III would be the last step in theoretical ab initio analysis. If, on the other hand, one intends to treat nuclear dynamics quantum mechanically, ab initio PESs featuring CIs have to be diabatized. 11 This is especially desirable if -as in paper II -a discrete grid is used to represent the nuclear Hamiltonian, because the diabatized potential matrix is free from either divergent off-diagonal couplings or non-differentiable potential cusps. While general schemes for constructing approximate adiabatic-to-diabatic transformations are established (see, for instance, Ref. 12) , their application to the valence states of CO 2 is complicated by the number of CIs to be simultaneously treated. Simplifications are called for, as described in Sect. IV, in which the diabatic representation is constructed separately for bent CIs (Sect. IV A) and linear CIs (Sect. IV B). Section V concludes.
II. ELECTRONIC STRUCTURE CALCULATIONS
All ab initio calculations are carried out with the MOLPRO package. 13 The Gaussian atomic basis sets used in this work are due to Dunning.
14 Previous studies indicate that diffuse functions should be added to the basis sets on oxygen and carbon atoms in order to account for the mixed valence-Rydberg character of the Π state. The vicinity of the global minimum is of capital importance for the environmental chemistry. 16 The calculated equilibrium CO bond distance in linear OCO, R e = 2.1991 a 0 , agrees well with the experimental value of 2.1960 a 0 . The accuracy of the vibrational zero-point energy (ZPE) and the vibrational transitions frequencies is assessed in Table II Table II , the energies of states (1, 0 0 , 0) and (0, 2 0 , 0), belonging to the lowest polyad P = 2, are underestimated by 20 cm −1 and the difference with the observed energies grows rapidly with P . This systematic discrepancy is substantially diminished by slightly rescaling the symmetric stretch, R + = (R 1 + R 2 )/ √ 2, and the bend α OCO via
The vibrational energies in the scaled 'PES2' agree with their experimental counterparts to within 7 cm −1 and for the most states below 3000 cm −1 the accuracy is better than 3 cm −1 .
The results outperform even the highly accurate calculations of Refs. 18 and 19 shown in the second column of Table II , making 'PES2' one of the best available ab initio potentials of thẽ
Since the coordinate dependent dipole moment µX has also been calculated, the ab initio intensities of the infrared rovibrational transitions can be directly evaluated.
22
The other two isomers in Table I have never been detected in the gas phase, and the only reference data stem from the previous ab initio studies. For the bent OCO, discovered by Xantheas and Ruedenberg, 23 the present calculations confirm the C 2v symmetric equilibrium with the CO bond lengths of 2.51 a 0 and the OCO bond angle of 73.2
• . This minimum is located 6.03 eV above the global one, again in good agreement with the previous findings.
23,24
The fundamental excitations in the OCO well, calculated for N CO2 = 0, are ω a = 680 cm −1 , The ground electronic state correlates adiabatically with two dissociation channels,
and the ZPE corrected dissociation energies D 0 are shown in Table I . In channel (1), the calculated D 0 is 0.13 eV less than the experimental value. The deviation might reflect a large basis set superposition error introduced by the diffuse functions and as such is the downside of the highly accurate vibrational spectrum in Table II . The error is independent of the arrangement channel, and D 0 in channel (2) [closed between 120 nm and 160 nm] is equally underestimated. The calculations of Hwang and Mebel 24 , using a noticeably smaller basis set, perfectly agree with the experimental dissociation energy for this channel.
One-dimensional (1D) cuts through the ground state PES are given for several α OCO angles in panels (a,c,e) of Figs. 1 and 2. Black solid circles are the raw adiabatic energies.
The O + CO limit is reached smoothly and no barrier is detected towards the asymptote for any orientation of the CO diatom. The same is true for the C + O 2 channel, as illustrated in Fig. 2(e) ; the potential well in Fig. 2(e) is the COO isomer. Angular dependence of thẽ
A state is shown in panels (a,c,e) of Figs. 3 and 4 for two sets of fixed CO bonds. In Fig. 3 , R 1 is fixed at the FC value; in Fig. 4 , it is fixed close to the equilibrium of the bent OCO. Consequently, although the carbene-type minimum is perceptible in all panels, it is best seen in Fig. 4 
In the C + O 2 arrangement channel [ Fig. 2 
Topographic hallmarks of the excited states can be exemplified using the states 2, 3
1
A .
In the FC region near linearity [ Fig. 1(a) (1), (2), (3), and (4), also given in Table III in the D ∞h group); α OCO breaking the linear symmetry (irrep π u ) is the coupling mode. As a consequence of the 'symmetry rules', the CIs occur along a line F CI (R 1 , R 2 ) = 0 in the
The 'degeneracy manifold' is a 1D seam.
4,25,34
The CI seam, constructed separately for the 2, 3 A has a C 2v minimum at R 1 = R 2 = 2.41 a 0 , and two C s symmetric saddles near R 1 ≈ 2.8 a 0 or R 2 ≈ 2. A state, lying outside the FC zone near (R 1 , R 2 ) = (3.6 a 0 , 2.2 a 0 ) and (2.2 a 0 , 3.6 a 0 ), result from an avoided crossing with a higher lying state.
Changes of the electronic character of A states across the intersection can be monitored using matrix elements of the electronic angular momentumL z . 39 The matrix elements iA |L z |jA along the line passing twice through the closed seam are depicted in Fig. 7 for i = 1, 2, 3 and j = 2, 3. The states |2 CIs at linearity can also be recognized in the potentials plotted in the (R 1 , α OCO ) plane.
An example including four electronic states at R 2 = 2.2 a 0 is shown in Fig. 9 . Although the characteristic features are no longer C 2v symmetric, a maximum in the 2 A at α OCO = 80
• (Fig. 4) A bear evidence of strong interactions with the next higher states. Especially pronounced in Fig. 3(d,f) and Fig. 3(b,d) 
At linearity, this state is the Rydberg state
43 Compared to Fig. 1 , many new avoided crossings are found in Fig. 11(a,b) . The D ∞h notation of a state |i in these panels is related to the expectation value i|L 2 z |i which a diabatic state preserves across the intersections. Potential curves in Fig. 11(a,b) are color coded according to the L Familiar from the discussion in Sect. III C are the fivefold crossings involving 1
and the accidentally degenerate pair 1
. These crossings are marked with arrows in Fig. 11(b) . As in the MRD-CI calculations, the ∆ u /Σ − u pair is easily recognizable using matrix elements of L z . At linearity, L 2 z for these two states is either 0 or 4, but already a tiny deviation of 2
• causes L 2 z to collapse towards an average value of ∼ 2. This state mixing is stressed in Fig. 11(a,b) with the ∆ u /Σ − u label and with the red/green color. The second edition of the mixed ∆ u /Σ − u pair is found around 11.5 eV. The Rydberg state 2 1 ∆ u (3π u ), shown with an orange line in Fig. 11(a,b) , carries as a satellite the state Fig. 11(b) ]. Again, L 2 z for these states assumes a non-integer value between 1.5 and 2.5 in even slightly bent molecule. [orange line in Fig. 11(a,b) ]. 1 1 Σ + u is the optically bright Rydberg state responsible for the strong absorption band around 11.1 eV (111.7 nm). 7 The state R 1 ∆ u corresponds to a pair of strongly repulsive
A states descending towards threshold (1) from very high energies. Two sections of this repulsive potential curve are seen in Fig. 11(a,b) Fig. 12(a) 
IV. QUASI-DIABATIZATION OF THE VALENCE STATES
As explained in the Introduction, the diabatic representation, 45 although not generally indispensable, is best suited for the particular implementation of nuclear quantum dynamics used in paper II. Rigorously speaking, diabatization has to be performed simultaneously on all six calculated valence states, because each pair of states intersects either in the FC zone or at bent geometries. Simplifications to this 'Herculean task' 46 stem from the expectation that the two groups of intersections influence photodissociation in different ways: While the 'bent' CIs affect later stages of the product formation, the electronic branching ratios, and/or the rovibrational photofragment distributions, 47 the 'FC' CIs are directly responsible for the shape of the observed absorption spectrum. This distinction guides the practical construction of the diabatic states: The 'bent' CIs and the 'FC' CIs are analyzed at two different levels of detail, commensurate with their expected impact on the absorption spectrum. As a result, the complete multistate problem splits into several steps and the need for a global diabatization of six multiply intersecting states is obviated.
A. Intersections at bent geometries: Local diabatization
The vicinity of 'bent' CIs is diabatized locally, using the energy-based scheme as described, for example, by Köppel. on the ab initio grid of bond distances (R 1 , R 2 ) from the diagonal adiabatic potential matrix V a using the orthogonal adiabatic-to-diabatic transformation (ADT)
with the transformation matrix S parameterized by the mixing angle Θ,
which varies between 0 and π/2; α OCO (R 1 , R 2 ) denotes the crossing point of the diabatic potentials (Θ = π/4); the width W 0 of the function Θ(α OCO ) is evaluated from the adiabatic energy gaps ∆V a /2 and the average slope of the diabatic potentials F ,
at each grid point (R 1 , R 2 ) for α OCO = 100
• . With the off-diagonal coupling in Eq. (6) neglected, the ground stateX varies from 0 to π/2, to the vicinity of α OCO :
The two switching functions g 1,2 (α OCO ),
with α 1 = 95
• , α 2 = 105
• , and λ 1 = −λ 2 = 5
• , are adjusted to restrict the diabatization to angles 90
• -110
, the so-called 'diabatization by eye' is recovered, which corresponds to a relabeling of ab initio energies at the crossing angle α OCO .
2,49,50
The main advantage of local diabatization, the results of which are shown in 1D in Figs. 
B. Intersections at linear geometries: Regularized diabatic states
In the second step, the CIs in the FC region are diabatized; kinematic singularities due to glancing intersections between A and A states are not considered. Accurate diabatization schemes rely on direct numerical differentiation of the electronic wave functions with respect to nuclear coordinates or on the orbital rotation method 51, 52 as implemented in MOLPRO.
13
Both types of calculations become prohibitively expensive with the d-aug-cc-pVQZ basis set, and further approximations are needed in order to find the diabatic potential matrix, consisting of a 2 × 2 block of A and a 3 × 3 block of A states:
The five diagonal matrix elements are the five diabatic states Σ , Π , Π , ∆ , and ∆ , with the smooth intersecting potentials in the (R Diabatization proceeds in two steps. First, a model diabatic matrix of the form Eq. (11) with elements V (0) ij is constructed. Due to orbital degeneracy, V R 2 ) . Moreover, the accidental near-degeneracy of states
∆ (R 1 , R 2 ) in a broad vicinity of the closed CI seam -the property which substantially simplifies diabatization of A states. Deviations from linearity, measured by the coordinate Q u ∼ sin α OCO , are included in the model via off-diagonal matrix elements represented as symmetry adapted expansions in Q u :
Couplings of the accidentally degenerate Σ and ∆ states to Π are set equal, while the matrix element V
Σ ∆ for the RT-like Σ /∆ interaction is neglected. The model is complete after the expansion coefficients in V (0) ij are calculated from a non-linear least-squares fit to ab initio energies. In the second step, the regularized diabatic states approach is invoked, 12 and the matrix elements V (0) ij are used to define the orthogonal ADT matrix, which is applied to the adiabatic matrix V a via Eq. (6) giving the desired diabatic matrix elements of Eq. (11) on the full ab initio grid. Final interpolation is performed using 3D splines.
The diabatization is localized to the vicinity of the CI seam by modifying matrix elements • applied to the ab initio mixing angle has no effect on the strength of non-adiabatic coupling proportional to ∂Θ/∂R 1 .
One-dimensional cuts through the diabatic PESs (diagonal matrix elements corresponding to states 1 1 Π g and 1 1 ∆ u ) are shown in Fig. 15 . They cross at all geometries and can be directly compared with adiabatic states in Fig. 1 . The off-diagonal coupling matrix elements are large in the intersection region vanishing off towards the asymptotic channels. Diabatic matrix elements are further illustrated in Fig. 16 in the (R 1 , R 2 ) plane and in Fig. 17 in the (R 1 , α OCO ) plane. In all cuts, the diabatic PESs smoothly depend on internal coordinates.
In the (R 1 , R 2 ) plane, the off-diagonal diabatic coupling stays localized in the inner region.
In contrast, the coupling along bending coordinate is delocalized across a substantial α OCO range in the (R 1 , α OCO ) plane. As a result, the angular shape of the diabatic potentials is distorted compared to the adiabatic case: Diabatic potentials along the coupling mode α OCO are close to the average adiabatic potential The above discussion is based on 1D and 2D potential cuts and the data in Table III - given the adiabatic representation is the adequate one. However, there is another important piece of information still missing, namely the TDMs with the ground state. As has already been mentioned in Sect. III B, the electronic transitions in the wavelength range of 160 nm -120 nm are forbidden. The bands are observed only because the TDMs are not constant but strongly change with molecular coordinates as one moves away from the high-symmetry FC point. This dependence is a manifestation of the Herzberg-Teller effect 4 which plays the leading role in shaping the absorption bands, is at least as important as the potential profiles discussed above, and has to be considered on equal footing with the state intersections. The discussion of the coordinate dependence of the TDMs is deferred to paper II. arrangement channels, respectively (in eV). shows the path along which the matrix elements iA |L z |jA in Fig. 7 are calculated. Energy of the dotted contour is 7.5 eV, and the contour spacing is 0.25 eV. 
